7 Vapor-Liquid Equilibrium Modeling
7.1 EOS Modeling of VLE Data

(Cubic) equaions of date (EOS), i.e, reations third order in molar volume
between pressure, molar volume, and absolute temperature, are widely used for phase
equilibrium cdculations for pure fluids The extendon of equeions of date from pure
fluds to the prediction of phase behavior of mixtures is done usng mixing and
combining rules  However, the use of a sngle eguaton of date to predict the
composition of both pure compounds and mixtures, in both the vapor and liquid phases,
as a function of temperature and pressure, is an eusve god. Many authors have proposed
vaiations to the semi empirica reationship firs derived by van der Wads, egn. (4-12).

One of the most successful modifications was that made by Redlich and Kwong®®® (RK),

RT a
P = - . 7-1
v-b T%v(v+Db) (1)

The RK equation of state has been used with good success to caculate volumetric
and therma properties of pure compounds, but its application to multicomponent vapor-
liquid equilibrium (VLE) cdculations often gives poor results.  This has been atributed
patly to the equation's lack of accuracy in expressing the influence of temperature.
Soave®®® modified the RK equation, replacing the a/7%° term with a more generd
temperature dependent term, «(7). This equation is known as the Soave -Redlich-Kwong

(SRK) equation of state,
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_RT  a(T)

_v-b_vv+b)’ (7-2)
where
a(T) = a(T)x0.42747 R (7-3)
a(r)= [+ k- 7 (7-4)
k = 0.48508 + 1.5517w - 0.15613n2 (7-5)
b = 0.086644 2 (7-6)

c

In egns. (7-3) through (7-6), 7., and P. are the critical temperature and criticd
pressure, respectively, of the pure components, w is the pure component acentric factor,

and 7. = T/T, . The SRK EOS can be written in terms of the compressibility factor, Z,

Pv
l=— 7-7
RT (7-7)
o that
7o . _adD) (7-8)
v-b RT(v+Db)

1

Kwak and Mansoori®®! suggested the replacement of the temperature dependent

term «(7T) based on datigtical-mechanica arguments and the fact that the van der Wads
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mixing rules are for congants of an equation of state and not for any thermodynamic date
functions that may appear in an equation of state. In order to separate thermodynamic
variables from congtants in the SRK equation of dtate, Kwak and Mansoori subgtitute

egns. (7-3) and (7-4) into egn. (7-8) to obtain,

R’T?
L+ k@- 7°%)f 80 42747 o
\% e Pc z
7 = ] : (7-9)
v-b RT (v+b)
Expanding and rearranging termsin egn. (7-9) gives
éae 22 . 22 . u
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7=+ 1 ¢ R2T? ; (7-11)
= e e o] y -
v-b (v+b)g GCOA2TAT——< (k (L+K))* 0
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é RTCO.STO.S : l:l
é g I a
g e 2 ¢

As proposed by Kwak and Mansoori, two new terms ¢ and d are introduced, where
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R?T
c = 042747 ——(1+k)? (7-12)
and
R*T? ek ? 6
d = 0.42747—< ge 2 (7-13)
P, &RT, 4
so that
c +d- 2.[cd
z=—". Vir ar (7-14)
v- b v+b
and
RT T
p= KL _al) (7-15)
v-b v(v+Db)

where a(T) = ¢ + dRT - 2/cdRT .

In this form, there are now three independent congants in the SRK equation of
date: b, ¢, and d. These condants for the mixture are then evauated with new mixing
rules, aso proposed by Kwak and Mansoori, which follow the form originaly proposed

by van der Wadls,
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b=3 a xx,b,,
i

c=a 4 xxcy, (7-16)
i

d=3 4 xx,d,.
i

The unlike-interaction parameters b;, c; and dj, are determined using pure component

properties and fitting parameters k;;, m;;, and Iy,

by = - ke + 522
C; = (1' l,;; Xciicjj)llz (7-17)
d; =@ m, )@ +a¥? )2

Equation (7-14) is the cubic EOS used in this work to model solvent-cosolvent
vapor-liquid equilibria. In order to use egn. (7-14) to calculate the pressure and temperature
associated with a specific system volume, we need a further relationship between the
volume fractions of solvent and cosolvent in the liquid and vapor phases. Various modeling
procedures have been proposed in the literature to predict the phase behavior of vapor-liquid
systems at high pressures. Regardless of the modeling procedure, however, the following
thermodynamic relationship must be satisfied for two phases in thermodynamic

equilibrium,>32

fiV(T’P,yi) = fiL(T'P'xi) (7'18)
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where f”is the fugacity of component i in the vapor phase, f is the fugacity of
component i in the liquid phase, y; is the mole fraction of component i in the vapor phase,
and x; is the mole fraction of component i in the liquid phase. The number of equations
implied by egn. (7-18) is equa to the number of components that appear in both the
vapor and liquid phases. The fugacity of component i in each phase can now be written

as

fl.V(T,P,yl.) = yf iVP
(7-19)
fz‘L(T’P’xi) = xf iLP

where f/ is the fugacity coefficient of component i in the vapor phase, P is the system
pressure, T is the system temperature, and f " is the fugacity coefficient of component i in

the liquid phase. Fugacity coefficients for the vepor and liquid phases are cdculated

from the exact thermodynamic relationships >3

¥ € " u
rRTne! = g My Rrrinz, (7-20)
Mo, U

¥ € " u
s Ry grinz, (7-21)
g Men, U

RTInf |

where Z, and Z, are the mixture compresshility factors in the vapor and liquid phases,

respectively.
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The solution of egn. (7-20) will be identicd to tha of egn. (7-21), therefore only

the solution of the vapor phase fugecity coefficient will be shown. Recdling egn. (7-15)

and subdtituting the quantity V/n for v (specific volume), where V' is the totd system

volume

2
_ nRT ] n-a (7-22)
V-nb V(V+nb)

We next determine the partial derivative of P with respect to n, at constant 7, V, and n;.;.

geﬂg __RT___nRT _f(nb) 1 1(n%a)
n, " V-nb W-nb)? T, V({+nb) 1n
e gT,V,ni/-,[ ( ) (7_23)
N na  1(nb)
V({V +nb)® Tn,
Subdtituting egn. (7-23) into egn. (7-20) or (7-21) and integrating,
¥ @ . u
rring, = el - Ry rrinz,
Vgeﬂni Br.v . v H
¥ 2 ¥
- RTIN - ) - 12) —{”RT (LAl a)y o b (7-24)
" qn, [V-mnbl, nb n | & V 4,
cwgtB)e 11 b i) RTInz
Tn, |anb(V+nb) (nb)" & V o),

Evauaing the limits of integration and subdtituting vn for 7,
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RTInt, = - RT I =00, KT 1wb) L e+ boiln'a)

e vg v-bin, nb & v g 1n

(7-25)
cael L@ boltlnd) pry,
bgv+b b & v gy Tn,
Smplifying, and dividing through by RT,
Inf, = - InagZagl boo ae_[ boﬂ a)
g : Vﬂej anT é Ve fin,
(7-26)
+2 1 a . 2a Ial bouﬂ(nb)
&v- b DbRT(v+b) b°RT é Vgu In,
Thelast termin egn. (7-26) can be rewritten as
e 1 a uﬂ(nb) lee b a_ 81(nb)
gv-b bRT(v+b)H fin, 8v b RT(v+b); n,
(7-27)
le v a v b o'ﬂ(nb)
bgv b RTWw+b) v- by by n
Subgtituting egn. (7-8) into egn. (7-27),
lge v a v b oﬂ(nb) (Z 1)1T(nb) (7-28)
bév-b RT(v+b) v-b v- bg fin, b n,
and subdtituting egn. (7-28) into egn. (7-26),
81 1
nf, = (z- 1)ﬂ(nb)_ Z Ei bog a Z_ﬂ(nb)_ 1(n2a)u i ae_[ __(7 29)
In, €& vel BRTgh n. an fn, §
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It is now necessxy to compute the remaning derivatives in egn. (7-29), ?T(n )gand
g W g
aaT(nza)f_i . . L
i = +. Recdlling the definitions given in egn. (7-15) and egn. (7-16),
i @
ﬂ(l/lb) 1 ¢ o T €elyg ¢ u
=— b, = —a— b
ﬂnl ﬂni al. aj. x;xj ij ﬂnl gnal, aj. nlnj 1/5
1 o o
= n—za a nn;b, +—2na x b, (7-30)
i J J
ﬂ(nb): b+ 28 x b,
ﬂni J
ﬂ(nza)
n,
(7-31)
2 2 2 2 2 7\/2
ﬂ(n a):‘ﬂ(n c)+RT‘H(n d)_ 5 (—RTﬂ|(n cn d)1 |
ﬂnl ﬂnl ﬂnl ﬂnl

2 ..
where, as before a=c+dRT - 2dcdRT . Smilaly for the derivatives ?TSTH c)g
e n, g

giﬂ(nzd)g’ and g’ﬂ(\/nzcnzd)g’
& n, g g T P

n n n n

o [o] _ [} o _ o _ o
n“a a x.x,c, = a a mn,c, =23 nic; =2ng xc, (7-32)

i i j j
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2 n
fi(n*d) _ 20§ x,d (7-33)

/ du \/_ ‘IT n c) n°c ﬂ(nzd)

B 2Jyn?c n,  2Jn?d Tn
dey o [cmr
SZna X;c; —+ SZna x d f:n —ga X;cpt+n E%a x;d;*
2 & o

(7-34)

Subgtituting egns. (7-32) to (7-34) back into egn. (7-31) and smplifying,

2 én n
e a):Znéé_ x,c,+RT{ x,d, - NRT \/73_ X,c; +\/7a x,d,* u(7 35)
8, j

n,

Subdtituting egns. (7-35) and (7-30) into egn. (7-29),

é
nf, = 1(z- 1 )§ b+2axb— nez3.- bOﬂ a 1§eb+2axb |nf*i+—m
b j g e e V &) bRT b ; g e Vgg

é 606U
a ei2n9axc +RTaxd - A/RT \/7axc +\/7axd—u|na?l_+——

" BRT gan & ol € Vo

(7-36)

Findly, making the subditutions, v = % ad B = ]l;_P egn. (7-36) amplifiesto
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Inf . :ggeza xb + luZ 1+ — Ina?I.+ In(Z - B)
J ﬂ gée bRT ﬂu

en n
—Inai+——eaxc +RTaxd «/RTQ\/iaxc +\/§éxd”u

BRT & Zgg )

(7-37)

Equation (7-37) is applicdble to both the vapor and liquid phase fugecity
coefficients with the appropriate vapor or liquid phase values used. Equations for b, c,
and d are as defined earlier (again these equations are solved separately for the vapor
phase and a liquid phase). Cdcuation of the compresshility factor, Z, is from the

polynomid form of the SRK equation,

Z%-7Z%+(4- B- B*)Z- AB=0 (7-38)
where
aP
4= R?T?
(7-39)
bP
B=—.
RT

and a = c+ dRT - 2\ cdRT .
Solving egn. (7-38) results in three roots. The largest postive root corresponds to
the fugacity coefficient of the vapor phase, while the smdlest postive root corresponds to

the fugacity coefficient of the liquid phase>** The intermediate root is discarded.
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7.2 Example: COj-Propylene Carbonate System

(7-40)

Propylene carbonate is a polar solvent used at the Supercritical; Fuids Facility as

a co-solvent for polymer remova.®**°%¢ The use of the SRK EOS will be illustrated by

modding some newly acquired vapor-liquid equilibrium (VLE) data The new isothermd

vapor-liquid equilibrium data was measured at 298.15 K, 308.15 K, 333.15 K and 373.15

K over a pressure range from 41 to 206.8 bars>®’ The results are listed in Table 7-1,

where x, and y, are the mole fractions of carbon dioxide in the liquid phase and vapor

phase, respectively.

Table 7-1. Experimental vapor-liquid equilibrium data for propylene carbonate (1) -
carbon dioxide (2) mixtures.

T(K) P(ban) X2 Y2 T(K) P(ba) X Y2
298.15 41.37 04373 0.99999 333.15 13790 06161 0.99394
298.15 61.24 0.7091 0.99989  333.15 17237  0.6737  0.98522
308.15 55.16 04788 0.99995 33315 20684 0.7318 0.97279
308.15 82.74 06774 0.99381 373.15 55.16 0.2122  0.99953
308.15 110.32  0.7234 0.98665 373.15 82.74 0.2989  0.99917
308.15 13790 0.7608 0.98281  373.15 110.32  0.3720 0.99852
333.15 55.16 0.3313 0.99990 373.15 13790 04366 0.99776
333.15 82.74 04577 0.99958  373.15 17237 05043  0.99542
333.15 110.32 05558 0.99855 37315  206.84 05559  0.99152

The experimentd phase equilibrium data obtained were modeled using the SRK

EOS as described in Section7.1. The aitical congtants, T, Pe, and acentric factor, w, of

the pure components, for use in egns. (7-3) through (7-6), are summarized in Table 7-2.
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Table 7-2. Critical properties and acentric factors of pure components.

Te (K) P¢ (bar) w

625.15 57.05 707>
304.1 73.8 .239

Component
Propylene Carbonate>>®
Carbon Dioxide>*’
expaimental data in Table7-1 was fit uing an objection function,

The
which minimizes the difference between the experimental COo-propylene

eqn. (7-41),
carbonate vapor and liquid mole fractions and the same mole fractions caculated as

described in Section 7.1.
2 (7-41)

mr( S) = é. (ye(p - ycalc)z +é~ (xap ) x"alc)

The vaues obtained for the three binary fitting parameters, egn. (7-17), are

- 0.041
, =-0.115
m, = - 0.063

ij

The results of the modding corrdation are shown in Figure7-1. The solid lines

represent the isotherms calculated using the interaction parameters k&, /;, and m;; obtained

from the corrdation. It can be seen tha the agreement is quite good for both the liquid

and vapor phases, especidly at the higher temperatures.
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Figure 7-1. Experimental data and results of VLE modeling of the propylene
carbonate-CO> system.

Fgure7-2 shows that the high-pressure experimentd range in this work and in
exiding literature. It is seen tha the experimentad data has been extended into the
pressure range useful for supercriticdl COo processing.  All the propylene carbonate/
CO2 VLE daa*>* (this work, as well indicated references) were modded using the
previoudy caculated interaction parameters ky, [, and my; , and results of the liquid
equilibrium correlation are represented by the solid lines in Fgure7-2. Agan, good

agreement is seen between the experimenta and calculated vaues.
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Figure 7-2. Comparison of high-pressure propylene carbonate-CO» VLE. This work
- 3 reference 543 A; reference 544 o.

A dmilar modeing procedure was peformed for exiging vapor-liquid
equilibrium data for carbon dioxide-ester binary syssems. As in the previous anayss, the
correlation utilized three interaction parameters and minimized the difference between

the experimental and caculated COp-ester mole fractions. These parameter values and

the source of the experimenta COo/ester VLE data are shown in Table 7-3
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Table 7-3. Results of VLE modeling of carbon dioxide(2) + ester(1) binary systems.

Component Chemical Formula No. Sum of squeres

1 P2 points TeC) P b | Ret\ s " " ?ADXDTS
methyl acetate P2 029 bt 22 |298.15- 313.15( 65- 80| 545 |-0.204|-0.025| 0176 | o poe
ethyl acetate et 42 |303.15-32315| 20- 90 | 546 |-0.371-0.216| 0015 o2
propyl acetate CHgéfE%f(%%ggHe’ 56 |303.15- 323.15| 20- 92 | 547 |-0.338(-0.130| 0.150 8:8282
ethy! propenodte CH3((F3)VH2:CO?OC;%;2)CH3 74 |308.15- 323.15| 17- 92 | 548|-0.245|-0.096 0121 | o ooen
methyl myristate ey 17 |31315- 343.15|72 - 160| 549|-0.393|-0066( 0.343| 030>
methyl paimitate CH(3F(,VCE%)E§2%3(;H3 25 |31315-34315(62- 183 * |-0.453( 0056|0530  oooos
methyl oleste ooy | 25 |31315-343.15/72-200( * |-0455| 0062 | 0887|  (00ad
methyl stearcte C'?éﬁi“é?é%ﬁ?ﬁaﬁHs 22 |31315-34315(60- 198 * |-0.472|-0.040 0451  Ooooe
oropylene carbonate C(';VC:HS_(%;égg%O 18 |298.15- 373.15|41- 207| b |-0.041|-0.115|-0.063 8:88;1

a\apor pressure at amospheric conditions, bars.

b Thiswork
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